Pulmonary tuberculosis (TB) infection remains an occupational health burden among healthcare workers (HCWs), but current surveillance data do not allow for attribution of pulmonary TB disease to occupational or community exposures. The objectives of this study were to estimate the annual number of occupationally acquired pulmonary TB infections among HCW in acute care settings (ambulatory care, emergency departments (EDs), and hospitals) in the USA, and to estimate the impact of increased compliance with respiratory protection. We used a risk analysis approach, in which occupational exposures were modeled using a compartmental model of bacilli transport and fate, and infection risk was estimated using two dose-response (DR) functions. With the conservative Wells-Riley DR function, we estimated 6420 occupationally acquired pulmonary TB infections annually in the USA, on average; with the more likely animal-based DR function, we estimated 3288 occupationally acquired pulmonary TB infections annually in the USA, on average. Increased (95%) compliance with respiratory protection would eliminate about one-third of pulmonary TB infections. Using results from the animal-based DR function, we estimated 82 cases of pulmonary TB disease will develop among US workers annually, on average, given 50% of infected HCW receive effective chemoprohylaxis and 5% of infections progress to disease. These results are consistent with national surveillance of pulmonary TB disease, and provide confidence that the analytical framework provides plausible results.
Introduction
Pulmonary tuberculosis (TB), caused by Mycobacterium tuberculosis, is a persistent occupational health threat for healthcare workers (HCWs) who provide care to infectious patients with TB disease, as these patients may emit TB bacilli with cough (Riley et al., 1959; Escombe et al., 2007) . In 2013, approximately 4% of the 10 000 incident cases of TB disease in the USA occurred among HCWs, and 79% of incident cases involved pulmonary TB disease (CDC, 2014) , equal to about 320 incident cases of pulmonary TB disease among HCWs annually. It is unclear, however, how many of these cases arose from occupational exposures to M. tuberculosis, rather than community-based exposures that occurred domestically (in the USA) or abroad.
The objectives of this study were to: (i) estimate the annual number of occupationally acquired pulmonary TB infections among HCWs in the USA who provide care to infectious patients with pulmonary TB disease in acute care settings (ambulatory care other than emergency departments (EDs), EDs, and hospitals), and (ii) estimate the impact of increased compliance with infection control and prevention precautions on occupationally acquired TB infections. These objectives were obtained through risk analysis applied in conjunction with a mathematical model of exposure. While surveillance data provide some information about the burden of TB infection and disease among HCWs in the USA, the analytical approach used in this study allows for separation of occupationally-acquired infection from community-acquired infection, and for exploration of potential interventions. More generally, the ability to evaluate the performance of this analytical approach in the context of TB infection relative to surveillance data (CDC, 2014) provides evidence that the approach may provide credible information for other infectious diseases, for which data for model evaluation are lacking.
Risk analysis seeks to understand a hazard through a systematic analysis involving: hazard identification, exposure analysis, dose-response (DR) analysis, and risk characterization (Haas et al., 1999) . In this study, the hazard identified is M. tuberculosis infection among HCWs who provide care to patients with TB disease. Exposure analysis is the quantification of the number of bacilli that HCWs inhale (the dose), which was performed using a mathematical model. DR analysis involves the selection or development of a DR function (based on animal infectivity or epidemiologic studies) that calculates the probability of infection given a specific dose. Risk characterization, integrates the exposure and DR analysis to provide estimates of risk. From the risk characterization, inferences can be drawn with respect to the acceptability of the hazard, and the impact of interventions.
Methods

General approach
The general approach involved three steps. First, the number of occupational exposures was estimated based on the number of patients with pulmonary TB disease, healthcare utilization, and time-activity patterns of HCWs during care delivery. An occupational exposure was defined as the event that a HCW occupies a room with an infectious pulmonary TB disease patient-e.g. a patient who is not receiving effective therapy and, as a result, may emit bacilli in cough. Second, the probability of a HCW being infected while providing care to a patient with pulmonary was calculated using a DR function and an exposure estimate from a compartmental model of bacilli transport and fate (Nicas and Sun, 2006) . Third, the number of infections among HCWs was calculated based on the number of occupational exposures, the probability of infection during an exposure, and the number of HCWs with potential for exposure (e.g. a HCW may have zero, one, or more occupational exposures annually each with some probability of infection).
Occupational exposures
Given 79% of the 13 000 cases of TB disease prevalent in the USA in 2013 involved pulmonary TB disease (CDC, 2014; WHO, 2014) , 10 270 patients with pulmonary TB disease were assumed to utilize healthcare services and result in occupational exposures.
The healthcare utilization of pulmonary TB disease cases in the USA is not well described, but due to the severity of symptoms all cases were assumed to seek (non-ED) ambulatory care for initial diagnosis and treatment, including cases in correctional [~4% of cases (CDC, 2013 (CDC, , 2014 ] or long-term care facilities [~2% of cases (CDC, 2014; Chitnis et al., 2015) ]. Patients with pulmonary TB disease have an average of 2.1 ambulatory care visits before treatment initiation (Golub et al., 2005) . While treatment decreases the emission of bacilli, treatment may be ineffective and result in prolonged infectivity and increased occupational exposures.
The proportion of pulmonary TB disease cases that are hospitalized in the USA varies widely in published literature: For this study, the proportion of pulmonary TB disease cases hospitalized was modeled by a uniform distribution over the range of 0.20-0.40, based on hospitalization rates reported by metropolitan health departments (Leff and Leff, 1997) . Patients, if hospitalized, were assumed hospitalized 1.12 times, on average, based on observations of a prospective cohort of patients with pulmonary TB disease (Taylor et al., 2000) . Hospitalization for pulmonary TB disease can be prolonged, with mean or median durations of ~2 weeks (Singleton et al., 1997; Flavin et al., 2007) . Patients, however, may cease being infectious before discharge, as discharge is often triggered by three negative sputum samples (Jensen et al., 2005; Horne et al., 2010) . Based on this information, the duration of infectiousness of hospitalized pulmonary TB disease patients was modeled by a uniform distribution over the range of 4-8 days.
ED utilization by pulmonary TB disease patients was judged plausible given delays in diagnosis and treatment (Golub et al., 2005) , but no data were identified regarding the frequency of this event in the USA. As a result, the proportion of patients who visit an ED was modeled by a uniform distribution over the range 0.03-0.10. Similarly to hospitalization, patients, if they visit an ED, were assumed to visit 1.12 times on average (Taylor et al., 2000) . Patient visits to an ED were considered to occur in addition to (non-ED) ambulatory care visits.
Consistent with previous work regarding occupational exposures to influenza among HCWs in the USA (Jones and Xia, 2016) , the mean number of occupational exposures during an ambulatory care and ED visit was modeled by a uniform distribution over the range of 4-6 and 4-8, respectively: Due to an absence of observational data, these values were judged plausible. More data are available about the frequency of HCW visits to patients in hospitals (Raboud et al., 2004; Cohen et al., 2012; Morgan et al., 2013) : Based on these data, in the context of influenza, the mean rate of occupational exposures was modeled by a uniform distribution over the range of 2.5-5 per hour (Jones and Xia, 2016) . These studies, however, did not involve observations with pulmonary TB disease patients. Pulmonary TB disease patients are considered to have low dependency upon HCWs since they typically retain mobility, and thus need less frequent care. As a result, the mean rate of occupational exposures was modeled by a uniform distribution over the range of 1.25-2.5 per hour, half that for influenza. It has been observed that HCWs visit patients identified for contact precautions less frequently than patients not identified for contact precautions (Morgan et al., 2013) . A similar effect may occur for pulmonary TB disease patients who are placed in airborne infection isolation rooms (AIIRs) and identified for airborne precautions, but it has not been specifically observed and was assumed reflected in the rate of occupational exposures, 1.25-2.5 per hour.
The number of pulmonary TB patient visits to each care setting was calculated by multiplying the 10 270 cases of pulmonary TB disease in the USA by the proportion of cases that seek care in a setting and the average number of times a patient seeks care in that setting. The total number of occupational exposures in each setting was then calculated by multiplying the number of visits by the number of interactions with HCW per visit. Since some parameters involved distributions, these calculations were implemented by Monte Carlo simulation with 10 000 replications.
Occupational exposure model
Pulmonary TB infection is transmitted through the airborne route (Jensen et al., 2005) . That is, TB bacilli in the respirable size range are inhaled, and may initiate infection subsequent to deposition in the lower respiratory tract. The airborne transmission route does not involve a critical distance between the source and the susceptible HCW (such as is seen for droplet transmission), so a wellmixed box model was used to quantify HCW exposure ( Fig. 1) . TB bacilli were considered emitted into air via cough by the patient, and removed from air via inhalation of the HCW, inactivation, gravitational settling, or exhaust ventilation.
The rate of TB bacilli emission was based on studies of infections in guinea pigs exposed to the air of hospital wards housing pulmonary TB disease patients (Riley et al., 1959; Escombe et al., 2007) ; owing to the distance travelled this study design only measured the emission of TB bacilli in respirable particles. A lognormal distribution was fitted to the emission rate estimated for each month of the study by Escombe et al. (2007) and yielded parameter estimates geometric mean (GM) 1.4 quanta per hour per patient and geometric standard deviation (GSD) 16.0. One quantum was equated with one TB bacilli. Data from Escombe et al. (2007) were preferred to that of Riley et al. (1959) , because there is some indication in the latter study that patients covered their mouths to prevent emission, such that the emission rate may be underestimated. Fennelly et al. (2004 Fennelly et al. ( , 2012 measured the emission of TB bacilli emitted by pulmonary TB disease patients asked to cough as frequently Figure 1 . Compartments of the occupational exposure model. TB bacilli emitted into room air may be exhausted by ventilation, loose viability, settle onto surfaces, or be inhaled into the respiratory tract of healthcare workers (HCW).
as was comfortable into a tube attached to a sampling device: These data were not used to define emission rate as the study design used an unnatural cough frequency.
The inactivation rate of TB bacilli in air was based on two studies: inactivation rates estimated from graphically presented data of TB bacilli (H37Rv strain) survival subsequent to aerosolization in saliva (Lever et al., 2000) were pooled with data from Loudon et al. (1969) and Hopewell (1986) by Nicas and Miller (1999) . Based on these data, the inactivation rate was modeled by positive values drawn from a normal distribution with μ = 0.120 h −1 and σ = 0.022 h −1 . Loss by gravitational settling was based on the terminal settling velocity of a particle with aerodynamic diameter 3 μm, 2.85 × 10 −4 m s −1 (Hinds, 1999) . Given a room height of 3 m, the loss rate is 5.7 × 10 −3 min −1 . In the USA, pulmonary TB patients are recommended placed in AIIRs (Sehulster et al., 2004) , though AIIRs are rare in ambulatory care and ED settings. The configuration of mechanical ventilation is not specified in AIIRs, and has been found to vary (Chao and Wan, 2006; Naokes et al., 2006; Qian et al., 2008) : Faced with this variability in within-room airflow patterns, the well-mixed assumption is a reasonable simplification. Air exchange rates of 6-15 per hour are recommended for patient care environments, where the level of air exchange in a room depends upon the activities designated for that room, and the building age (Drake, 2006; Ninomura et al., 2006) . AIIRs tend to have relatively high air exchange rates. Since occupational exposures occur in hospitals where patients may be placed in AIIRs, and in ambulatory and ED settings where AIIRs are unlikely to be available, air exchange rates were modeled as a uniform distribution over the range of 6-15 h −1 , consistent with guidelines (Sehulster et al., 2004; Drake, 2006; Ninomura et al., 2006) .
Patient care rooms may vary in size depending upon location and function. For this analysis, room volume was modeled by a uniform distribution over the range 20-50 m 3 , which includes clinical examination and patient room volumes (Drake, 2006; Ninomura et al., 2006) . The duration of interactions between patients and HCWs has been observed in a variety of settings (Patterson and Bergman, 1969; Tocher and Larson, 1999; Balter et al., 2000; Burke et al., 2000; Melgar et al., 2000; Kane et al., 2001; Overhage et al., 2001; Fagan et al., 2003; Gilchrist et al., 2005; Dedrick et al., 2007; Westbrook et al., 2008; de Jong et al., 2009; Cornell et al., 2010; Lindquist et al., 2011; Henry and Eggly, 2012; Kee et al., 2012; Qian et al., 2012) , and found to frequently be short (<10 min) and infrequently to be very long (> 60 min). Based on these data, the duration of an occupational exposure was modeled by a lognormal distribution with GM = 6 min and GSD = 2.5, over the range of 0.25-90 min. This distribution has 10th, 25th, and 95th percentiles equal to 1.8, 3.2, and 27 min, respectively.
The number of inhaled TB bacilli is reduced by the use of a respirator: Since 2005, CDC guidelines recommend respiratory protection for HCWs against TB (Jensen et al., 2005) , and N95 filtering facepiece respirators (FFRs) are typically worn in the USA. N95 FFRs have an assigned protection factor (APF) of 10 (Bollinger, 2004) , which means that 10% of bacilli penetrate or by-pass the respirator. Observational studies of compliance with respiratory protection in the context of TB performed prior to the publication of the CDC guidelines in 2005 found 51.9% of persons used a surgical mask and 44.2% of persons used a respirator when entering TB isolation rooms at two hospitals; 3.9% wore no device (Tokars et al., 2001) . In a recent evaluation of respiratory protection programs in US hospitals, 60-90% of interviewed HCWs selected a respirator for use when in close contact with patients with an airborne-transmissible disease, like pulmonary TB disease, depending on hospital location and HCW job title (Brosseau et al., 2015) . Compliance with respiratory protection is likely to be lower in ambulatory care settings when diagnosis is unclear. As a result, we assumed compliance with respiratory protection to be 50% in ambulatory care and ED settings and 80% in hospitals; and considered compliance of 95% for a best-case analysis.
The compartmental model was implemented to estimate the number of TB bacilli inhaled by a HCW over a single occupational exposure (the dose) using a Markov chain. Consistent with the exposure units in the DR functions, all inhaled bacilli contributed to the dose. Computational details are provided elsewhere (Nicas and Sun, 2006) , but tabulation of the one-step transition probability matrix is defined in the supplementary materials at Annals of Work Exposures and Health online. The model was implemented in the context of Monte Carlo simulation with 10 000 replications. In each replication, a single value was selected from the parameter distributions (Table 1) , the transition probability matrix of the Markov chain was defined, and the Markov chain simulated for the duration of exposure to calculate the dose to the HCW. If a HCW wore a respirator during an occupational exposure, the dose was equated with 1/10th (1/APF) the modeled value to account for the protection afforded by the N95 FFR.
DR function
Traditionally, the exponential DR function with κ = 1, also termed the Wells-Riley equation, has been used for TB risk assessment (Nardell, 1998; Ko et al., 2004) , but the dose term is the quantum of infection: The quantum of infection was the number of infection sites in animals exposed to air from TB wards (Riley et al., 1959; Escombe et al., 2007) . Experimental evidence in animals indicates a single TB bacilli is capable of initiating pulmonary TB infection (Ratcliffe, 1952; Nyka, 1962) , but more than one bacilli may be emitted from a patient to yield one quantum of infection observed in animals. Here, one bacilli was equated with one quantum of infection.
Lower risk is indicated by a low-dose animal infectivity study: Saini et al. (2012) exposed C57Bl/6 mice to 1-395 colony forming units (CFUs) of aerosolized TB H37Rv strain in whole-body exposure chambers. The best-fit DR function to the Saini et al. data was exponential with κ = 0.378 (95% confidence interval: 0.240-0.517), where the unit of dose was the inhaled CFU (number of bacilli). The outcome was infection, indicated by cultures of lung, liver, and spleen at 4, 10, and 18 weeks after exposure.
Annual burden of occupationally acquired infections
In the first step of a three-step algorithm, the mean annual number of occupational exposures (Table 2 ), E, was distributed among the total number of HCW with potential for occupational exposure to patients with pulmonary TB disease, W. This distribution was lognormal with arithmetic mean equal to E/W and GSD . The allocation of occupational exposures among the total number of HCWs was implemented in a Monte Carlo simulation, with random selection of E and the GSD. Second, the probability of infection was calculated for the wth HCW who has n w occupational exposures over the course of a year. The probability of infection in the ith exposure, p i , i ={1, 2, ..., n w }, is a random sample from the distribution of values for the probability of infection in a single occupational exposure (Table 3) . The probability of influenza infection as a result of n w exposures is the complement of the probability of not being infected during any occupational exposures, The annual probability of infection, P w , was calculated for a sample of 10 000 HCWs. By choosing the Ninomura et al. (2006) p i values randomly, all HCWs had the same overall experience. At this time, we determined that there was insufficient data about the frequency and type of work activities performed, and associated exposure determinants, to permit an analysis that separated the infection risks by job titles or work tasks. Third, the mean annual number of OA infections among HCWs, I, was calculated by multiplying the mean probability of an OA infection for each of the 10 000 HCWs for which this probability was calculated, Not all HCWs are occupationally exposed to TB bacilli as a result of providing care to patients with pulmonary TB disease: pulmonary TB disease is relatively rare in the USA, and occurs in specific US geographical regions (Miramontes et al., 2013 ). An analysis of the 2014 data from the Bureau of Labor Statistics by Eastern Research Group, Inc. (ERG, unpublished data), tabulated HCWs in ambulatory care, and in ED and hospital settings and determined that these settings had: (i) 1.51 million and 1.08 million HCWs who provide direct care to patients because the patient has an infectious disease; (ii) 2.37 million and 2.13 million HCWs who provide direct care to patients for reasons other than having an infectious disease (and are unlikely to provide care to many patients with an infectious disease because of their clinical specialty, etc.); and (iii) 0.29 and 0.58 million HCWs who provide support care and may encounter patients, respectively. We considered it plausible that 25% of HCW in group 1 and 5% of HCWs in groups 2 and 3 have the potential for occupational exposures to TB in the context of pulmonary TB disease, which equaled 0.51 million HCWs in ambulatory care settings and 0.41 million HCWs in EDs and hospitals (total of 0.92 million HCW). The number of HCWs in EDs and hospitals are pooled because many are co-located, and share employees.
Results
The number of visits by pulmonary TB disease patients to acute care settings in the USA, and resulting occupational exposures are shown in Table 2 . Due to the duration of hospitalization, 88% of occupational exposures were estimated to occur in hospitals. The mean probability of infection during a single occupational exposure was about 2-fold higher for the Wells DR function than for the Saini DR function (Table 3) , and increasing respirator compliance decreases the probability of infection for both DR functions.
The estimated mean annual number of occupationally acquired infections in the USA is tabulated in Table 4 . Consistent with the pattern in the probability of infection (Table 3) , more infections are estimated with the Wells DR function than with the Saini DR function. Table 3 . Probability of pulmonary TB infection among HCW during a single exposure to patients with pulmonary TB disease with two DR functions.
Respirator compliance (%)
Mean ( More occupationally acquired infections are estimated in hospitals and EDs than in (non-ED) ambulatory care settings, owing to the higher number of occupational exposures (Table 2) . Increasing respirator use to 95% will eliminate 38-45% of occupationally acquired infections, depending upon the DR function.
Discussion
In all risk analysis studies, there is concern about the validity and accuracy of the results: As a result of the widespread recognition of the public health importance of TB disease, there is relatively robust disease surveillance in high-income countries like the USA, and we identified two pieces of information that permit benchmarking of our results. First, a meta-analysis of published studies reporting incidence of TB infection among HCW worldwide estimated an annual incidence of 2.9% (interquartile range 1.8-8.2%) in countries with low TB incidence (like the USA): in these countries, 49% of the burden was attributed to occupational exposures for an estimated incidence of occupationally acquired TB infection of 1.42% (Baussano et al., 2011) . In this study, we estimated a mean annual incidence of 3288 or 6420 occupationally acquired pulmonary TB infections among ~0.92 HCW in the USA with potential for exposure to patients with pulmonary TB disease (Table 4) , which corresponds to an incidence of 0.4 and 0.7%, respectively.
Second, national surveillance of TB disease in the USA identified about 320 incident cases of pulmonary TB disease among HCWs in 2013, not all of which resulted from occupational exposures (CDC, 2014) . The primary outcome of our analysis was not occupationally acquired pulmonary TB disease, but this can be estimated based on the proportion of HCWs who do not receive effective chemoprophylaxis and who may progress from latent infection to disease. In a prospective community-based study of TB infection, 76% of participants identified as HCWs accepted chemoprophylaxis (Colson et al., 2013) , but not all recipients may complete treatment (Harris et al., 2013) . And, 5-10% of people with untreated pulmonary TB infection develop disease within 2-3 years (Comstock et al., 1974; Linas et al., 2011; Perry et al., 2011) . Thus, if 50% of HCW with occupationally acquired pulmonary TB infection do not receive effective chemoprophylaxis, and 5% go on to develop TB disease, then 2.5% of the occupationally acquired infections (Table 4 ) will progress to TB disease, or 82 and 161 cases annually, on average, for the Saini and Wells DR functions, respectively.
It is reasonable that the mean annual number of occupationally acquired pulmonary TB diseases estimated in this analysis (82 and 161 cases for 50% of HCW receiving chemoprophylaxis, on average) is less than or equal to ~320 incident cases of pulmonary TB disease cases reported to the CDC that occur among HCWs (CDC, 2014) . HCWs may acquire pulmonary TB infection through community exposures, and not all occupational exposures were included in this analysis. Similarly, it is reasonable that the incidence estimated in this analysis (0.4-0.9%) is lower than the worldwide estimate of approximately 1.42% (Baussano et al., 2011) : This analysis did not consider the occupational exposures of all HCWs, and the experience in the USA may be unique from other low-incidence countries. Patients in long-term care settings may have pulmonary TB disease (Harris et al., 2013; CDC, 2014) , for example, and result in occupational exposures to HCWs who provide care for daily living activities. And, the transmission of airborne disease may occur over long distances, resulting in occupational exposures outside of patient rooms. In addition, occupational exposures to patients with extra-pulmonary TB disease were not considered in this analysis because they represent a minority of TB disease cases (Gonzalez et al., 2003; Peto et al., 2009; CDC, 2014) , and the emission of bacilli from patients with these infections is not understood. These comparisons, overall, provide confidence that the methodological approach provides a reasonable estimate of the burden of occupationally-acquired pulmonary TB infections. Results were presented for two DR functions. The Saini DR function was based on a low-dose infectivity study in mice (Saini et al., 2012) , and is limited by interspecies extrapolation and interstrain extrapolation to HCWs. The quantum of infection in the Wells DR function was based on epidemiologic observations, but is likely unrealistic when one quantum of exposure to a HCW in close proximity to an infectious patient is equal to the emission of one TB bacillus. A portion of TB bacilli emitted by a patient survive to initiate infection in a proximal HCW, and a smaller portion survive to initiate infection in remote guinea pigs, such as were used to measure emission by Escombe et al. (2007) . Given these limitations, both DR functions were used in the analysis, and the results with the Wells DR function should be considered health-conservative.
There is a lack of information about how frequently HCWs wear correctly fitted respiratory protection when providing care to patients with pulmonary TB disease, though it is clear that some HCWs in the USA will chose to wear surgical mask instead of a respirator (Brosseau et al., 2015) . Based on the available information, we judged it plausible that HCWs wear respirators during 50% of occupational exposures in ambulatory care and EDs, and 80% of occupational exposures in hospitals: We show that increased respirator compliance will decrease the magnitude of exposure and the number of occupationally acquired infections (Table 4 ). In the occupational exposure model, respirators were assumed to perform at the APF, reducing the exposure by a factor of 10. The real condition is more variable, as adequate fit may never be achieved or not maintained over time (Danyluk et al., 2011; Bergman et al., 2012; Hines et al., 2014; Roberge et al., 2014; Brosseau et al., 2015) . Overestimating the compliance with or performance of respiratory protection would underestimate the number of occupationally acquired pulmonary TB infections.
The occupational exposure model used in this study has been applied in several contexts to explore the transmission of infectious diseases (Nicas and Jones, 2009; Paccha et al., 2016) , and simplifies the actual physical processes. Literature review was used to determine the parameter values in the occupational exposure model (Table 1) , but for all parameters data are limited and/ or not specific to the care of patients with pulmonary TB disease. These represent limitations, but are not specific to this analysis. Unique relative to many other microbial risk analysis studies, surveillance of TB infections and TB disease provides a benchmark by which to evaluate model performance (Baussano et al., 2011; CDC, 2014) , and the approach employed herein was found to provide reasonable estimates of occupationally acquired pulmonary TB infection among HCW in acute care settings.
While the focus of this study is TB among HCWs in the USA, this is clearly a global problem (Diel et al., 2016; Grobler et al., 2016; Pan et al., 2015) . The USA has a relatively low incidence of TB and has sought to control TB transmission to HCWs for many years through surveillance, the building of AIIRs, and the use of respiratory protection (Jensen et al., 2005; Baussano et al., 2011) . We expect that the experience in the USA, such as has been described in this analysis does not represent the global experience. In high-incidence, lowincome settings, HCWs are likely to have more numerous occupational exposures due to high incidence and prolonged patient infectivity associated with multi-drug resistant TB, and are less likely to have access to infection control resources (Menon, 2013; Grobler et al., 2016) . The methodology described herein, however, can be applied to other settings to begin to separate the occupational burden of pulmonary TB from the community burden.
Conclusions
We have described an analytical framework for the estimation of the annual burden of occupationally acquired infections among HCWs in the USA, and applied it to pulmonary TB in acute care settings. We found that, despite limitations of data used to define model parameters, the estimated burden of occupationally acquired pulmonary TB infections was consistent with surveillance data. This provides confidence that the analytical framework is a reasonable approach, and can be applied to other infectious diseases of occupational health concern.
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